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Abstract

This paper presents a simple vector control scheme for the induction motor
drives. In the proposed vector control algorithm, generation of the reference
currents is as per conventional vector control and voltage vector selection as
per direct torque control. So the proposed vector control algorithm integrates
the principles of both conventional vector control and direct torque control.
The proposed lookup tables based vector control gives good dynamic response
with reduced harmonic distortion. In this paper a 6-sector and 12-sector based
vector control algorithm is presented. To validate the proposed methods
numerical simulation studies are carried out and compared with the existing
algorithms. The simulation results show the effectiveness of the proposed
algorithm.
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Introduction

The induction motors are used in many industrial applications because of less
maintenance and low weight volume ratio. In such applications speed control of
induction motors are also important. Many schemes have been proposed for the speed
control of induction motor drives in the literature. Among which scalar control (V/f)
of induction motor proposed in [1] has the advantages of constant maximum torque
but has sluggish response due to coupling between torque and flux. To overcome this
drawback, the field oriented control (FOC), which is also known as vector control is
developed in [2, 4-6]. By using the FOC, the torque and flux of induction motor can
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be controlled independently as in separately excited DC motors. This control
algorithm gives high starting torque and gives fast response due to decoupled control.
Though vector control method gives decoupled control, it requires reference frame
transformations, which increases the complexity of system.

To reduce the complexity of vector control algorithm in 1980s, Takahashi
proposed direct torque control (DTC) technique for induction motor drives [3]. The
DTC algorithm do not need coordinate transformation and PWM modulator when
compared with vector control strategy. DTC is simple to implementation, because it
needs only two hysteresis comparators and a switching table to control both the flux
and torque. But, the DTC gives large steady state ripples in torque, flux and current.
The comparative study of FOC and DTC has presented in [7].To reduce the
complexity involved in the current controlled induction motor drives, a lookup table
based approach has presented in [8]. This gives the good performance with reduced
complexity.

To overcome the drawbacks of conventional vector control and direct torque
control algorithms, in this paper novel vector control scheme, which combines the
principles of both vector control and DTC is proposed. To reduce the torque ripple
and to maintain a constant switching frequency, a simple 6 sector based algorithm is
introduced. A 12 sector algorithm is also proposed for further reduction in THD. The
proposed algorithm uses sophisticated lookup tables to generate the PWM signals to
the inverter. Moreover, the proposed methods do not require reference frame
transformations and gives good steady state and transient performance.

Conventional Vector Control Method

The conventional vector control technique gives a decoupled torque and flux control
like a separately excited dc motor and gives fast torque response. To achieve
decoupled control stator current vector is resolved into two components, torque

producing component (i;s) and flux producing component (ig ). These components

are represented in synchronous reference frame so as to appear in DC quantities.
The electromagnetic torque of an induction motor is given as
3P Ly

e —EEL_r('//driqs —!//qrids) (1)

In FOC, the ig is oriented along the rotor flux linkage vector, and the igis

perpendicular to it. Thus, the entire rotor flux is aligned along d-axis and hence the g-
axis flux component will become zero. Hence, the torque expression can be modified
as given in (2).

3P Ly

e —EEL_r('//driqs) (2

Hence, the total rotor flux can be given as in (3).
Yy =War = Lmigs 3)
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From (3), it can be observed that the rotor flux is directly proportional to iz and is

maintained constant. Hence, the torque depends on i;s, and provides a torque

response as fast as the i;s response and hence decoupled control between torque and

flux is achieved. In order to transform these DC quantities or synchronous reference
frame quantities to stationary reference frame, angle (0s) should be known. This
estimation of angle divides the FOC in to direct vector control and indirect vector
control. In indirect vector control this angle is estimated as shown by equation (4).
The slip speed can be estimated by using equation (5).

05 =0, +0g = j(cor + g )dt = [ wgdt 4)
LR, .+
= 5
sl L2 lgs (5)

Proposed Vector Control Algorithms
The electromagnetic torque of an induction motor can also be represented as
3P Ly = ..
Te = EEL—r|Ar"|S|SIH5 (6)
where ¢ is the angle between stator current and rotor flux linkage vectors as shown in
Fig. 1. From (6), it can be concluded that the torque can be controlled by varying the
& . This is the basic principle of proposed vector control algorithm. For a short time
interval, the rotor flux linkage vector is almost unchanged in space. Hence, the rapid
changes of electromagnetic torque can be produced by rotating the stator current
vector in the required direction according to the reference torque.

-
Ids

Fig. 1 Representation of stator current and rotor flux linkage space vectors

The simplified stator voltage of an induction motor can be expressed as (by
ignoring the stator resistance drop)

_ dy.
- 97 (1)
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The stator and rotor flux linkage vectors of an induction motor can be given as
Vs = Lsi_s + I-mi_r (8)
7y = Loy + Lyl 9)

From (9), the expression for rotor current can be obtained as
i Ve —bmls (10)
LI’

By substituting (10) in (8), the stator flux linkage expression can be obtained as
givenin (11).
L2 -

_ - L
Vs =Ls's+L_m'//r_L_'s (11)
r r

For short time durations, by assuming the rotor flux linkage vector as constant, the
voltage expression can be simplified as follows.

dizs L2, | dig di
= = Lg—— =S =ol —S 12
St ( oL | dt * dt (12)

<l

where o is the leakage coefficient of induction motor. From (12), for a short time
interval of At, the stator current can be given as

Aig =oLLvsAt (13)

S

Thus, the stator current vector moves in the direction of the stator voltage space
vector at a speed proportional to magnitude of voltage space vector. By selecting a
proper voltage vector it is then possible to change the stator current in the required
direction. The decoupled control of the torque and flux can be achieved by controlling

the igsand i components of the stator current. Assume, a slow motion for A, , if an

active voltage vector is applied then it causes rapid movement of i and torque
increases. On the other hand, when a zero voltage vector is used, i;becomes
stationary and the electromagnetic torque will decrease, since rotor flux continues to
move in the forward direction slowly and the angle s decreases. Thus, the variation

of current vector can be controlled by using the different voltage vectors in each
sampling time period as shown in Fig. 2.
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Fig. 2 movement of stator current vector under the influence of voltage vectors

The block diagram for the proposed FOC is shown in Fig. 3. In the proposed FOC
algorithm generates the reference stator current components, which are at
synchronously rotating reference frame. Then it uses hysteresis controllers and a
lookup table. Thus, the proposed algorithm eliminates time consuming PWM
procedure and reference frame transformations. The reference currents are compared
with their actual current values, which are obtained from the measured phase currents.
These current errors are used to as inputs to the hysteresis controllers. Based on the
outputs of hysteresis controllers and position of the stator current vector, the lookup
table will give the suitable voltage vector.

W: W% T; iqs* Aiqs
ER _@_’ ™e [ Say| Optimal

* - d | Switching
Ar Lo Alds
—_— ) lds FHC

Sector Estimation

y

\A A
L

|6 | 3,y and iqs

Fig. 3 Block diagram of proposed vector controlled induction motor drive

Six Sector Based Vector Control

The operating states of three phase voltage source inverter can be divided in to active
and zero states. There are six active states and two zero states these states can be
represented graphically as shown in Fig.4
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Fig. 4 Possible voltage space vectors for VSI

Based on the position of stator current vector, it is possible to switch the suitable
voltage vectors to control both igand iy. The space plane is divided into six

symmetrical sectors. As six sectors are symmetrical, here the discussion is limited to
first sector only. If at any instant of time the stator current vector is in sector I as
shown in Fig. 5, then voltage vectors V, and V, can increase the flux component

current iy and V; and Vs can decrease the iy . Similarly V, and V; can increase the
torque component current igs and Vs and V4 can decrease theig . Similarly the suitable
voltage vectors can be selected for other sectors.

A

V5 (FDTI) 7, (FITI)

Sertnr 1

< >
. AN

*>< V5(FDTD) Vg (FI.TD)

Fig. 5 selection of suitable voltage space vector in sector I (-30° to 30%)
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a In the proposed FOC, the errors are restricted within their respective hysteresis
bands, which are 2Aiy and 2Aij wide respectively. The proposed algorithm uses

hysteresis controllers which are similar to that of the controllers used in DTC. A two-
level hysteresis controller to control flux component current and three-level hysteresis
type controller to control torque component current. If increase in iy 1s required then

Sq =1; if decrease in iy is required thenSy = 0. Similarly, if increase in i is required
thenS, =1, if decrease in iy is required thenS, =—1, and if no change in iy is required
thenS, =0. The digital output signals from flux component hysteresis controller

(FHC) and torque component hysteresis controller (THC) can be summarized as in
Table. 1.

Table. 1digitized output values of the hysteresis controllers

Controller | Condition | Output of the controller
igs < i'(fs — Alg Sq =1
FHC [ S.—0
lgs = Igs +Alg d=
For anti-clockwise rotation
i'(;; —i'qs > Ai'qS Sq =1
THC igs 2 igs Sq =0
For clockwise rotation
igs <igs Sq =0
i'(;; —i'qs < —Ai'qS Sq=-1

Depending upon the values of S, S, and the position of the stator current vector,

the suitable voltage vector is applied to inverter. The lookup table of voltage vectors
in different sectors is given in Table. 2.

Table. 2 Optimum voltage vector switching table

Sector | | I |Huar|I1v | v | Vil
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12- Sector Based Vector Control

In the proposed 6- sector vector control only limited active voltage vectors are used
each sector. In order to utilize all six active states in each sector and to reduce the
THD further, the space vector plane is divided into twelve sectors instead of six as
shown in Fig. 6. However, it is necessary to define small and large variations. It is
observed that Vv, will produce a large increase in flux and a small increase in torque in

sector-12. On the other hand in it is observed that V, will produce a large increment in

torque and a small increment in flux. The proposed 12-sector based vector control
uses a four level torque hysteresis controller (TI: torque increase, TSI: torque small
increase, TD: torque decrease and TSD: torque small decrease) and a two level flux
hysteresis controller. The look-up table for 12-sector based FOC is presented in Table
3.

V3 (010) N V,(110)
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-

-
o
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Ve (101)

Fig. 6 Possible voltage space vectors for VSI in 12 sector based algorithm

Table. 3 Optimum voltage vector switching table

S¢ | Sq | St | S2|Ss|Ss|Ss|Se¢|Ss|Sg|So|Swo|Su|Sn
TU [V, |G |G [V [V |V [ % |V (Ve | %%V
TsL [V, [V | V5 [ V5 | Ve Ve |V | Vs |V | Ve |V, |V,

TSV [V (G [V [V [V [V [V [V | % [V, |V,
™ |V, |V, |V, [V, |V [V | V5 [V, |V, | Vs | Vs |V
TU |V (Vi |V |V [V |V |G | %% % |V |V,
TsL [V, [V, [ Vo [ Vs |V [V |G |V %[V, |G|V,

O ITsD [V [V [V [V [V [V [V [V [V |V |V | Va
™D |V, |V | Ve [V [V [ VS (VS [ Y5 | Vs |V, | Y, ] Vs




Hysteresis Current Control Schemes for Vector Controlled Induction Motor Drives 301

Simulation Results & Discussion

To validate the proposed vector control algorithms numerical simulation studies have
been carried out in Matlab-simulink environment. For the simulation studies the
motor parameters are taken as Ry =1.57Q, R=1.21 Q, L,=0.165H, L~=0.17H,
L=0.17H and J=0.089 Kg-m>. Moreover, for the simulation results equal band widths
have been considered for the hysteresis bands in the proposed and existing current
controlled vector controlled drives. The simulation results of classical vector
controlled induction motor drive are shown in Fig.7-Fig.12. The simulation results of
6 sector based vector controlled induction motor drive are given from Fig. 13 to Fig.
18 and for proposed 12 sector based vector controlled drive are given from Fig. 19 to
Fig. 24.

From the simulation results, it can be observed that the proposed algorithms give
good dynamic response like conventional vector control algorithm. Also, it can be
observed that the 6 - Sector algorithm gives less total harmonic distortion (THD)
value when compared with the conventional vector control algorithm for same band
width of the hysteresis controllers. Moreover, the 6-sector based vector control
algorithm gives fixed switching frequency operation when compared with the
classical vector control algorithm, which can be observed from the line voltage.

However, the conventional vector control and 6 - Sector algorithm use the zero
voltage vectors. But in the proposed 12 sector based algorithm torque ripple is
considerably high but the total THD in steady state is reduced. However, the proposed
current controlled algorithm gives reduced THD and slight increased steady state
ripples when compared with the 6 - Sector algorithm.
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Fig. 8 steady state plots of classical vector control algorithm based induction motor
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Fig. 9 Harmonic spectra of stator current in classical vector control algorithm
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Fig. 10 Transients during the step change in load (a 25 N-m load is applied at 0.5 sec
and removed at 0.7 sec) for classical vector control algorithm based induction motor

drive
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Fig. 15 Harmonic spectra of stator current in 6 - Sector algorithm vector control
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Fig. 16 Transients during the step change in load (a 25 N-m load is applied at 0.5 sec
and removed at 0.7 sec) for 6 - Sector algorithm vector control algorithm based
induction motor drive
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Fig. 17 Transients during the speed reversal (from +1000 rpm to -1000 rpm) for 6 -
Sector algorithm vector control algorithm based induction motor drive

Fig. 18 Transients during the speed reversal (from -1000 rpm to +1000 rpm) for 6 -
Sector algorithm vector control algorithm based induction motor drive
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Fig. 19 starting transients of proposed 12 - Sector algorithm based vector controlled
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Fig. 23 Transients during the speed reversal (from +1000 rpm to -1000 rpm) for
proposed 12 - Sector algorithm based vector controlled induction motor drive
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Fig. 24 Transients during the speed reversal (from -1000 rpm to +1000 rpm) for
proposed 12 - Sector algorithm based vector controlled induction motor drive

Conclusions

The vector control algorithm is becoming popular in high-performance applications.
Though the conventional FOC better dynamic performance, the complexity involved
is more due to the reference frame transformations and PWM procedure. Hence, to
reduce the complexity, a simplified FOC is presented in this paper. The proposed
FOC technique uses lookup tables and eliminates the use of PWM procedure. Two
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different lookup tables have been presented in this paper. The simulation results show
the effectiveness of the proposed algorithms. From the results, it can be observed that
the 12-sector FOC gives reduced THD when compared with the 6-sector FOC. Also,
the 6-sector based vector control algorithm gives fixed switching frequency operation.
Thus, the proposed algorithms reduce the complexity involved in classical FOC with
good performance.
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